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ABSTRACT

Although metastable phase materials are of importance in a wide variety of enginecring
applications, much of the basic information governing the apparent "stability" of these
materials and, in particular, the thermodynamic quantities associated with their formation
and transformation, is poorly understood. A novel experimental technique, entitled "Thin
Film Calorimetry” (TFC), has been developed, to determine the enthalpy of transformation
from metastable to stabie equilibrium structures in thin films. This technique has been
applied to investigate metastable-->stable transformations occurring in thin films of nominal
composition NiAl3.

Elemental Ni and Al are codeposited directly onto the surface of a pure Al calorimeter
sample pan to form a 0.75 - 0.90 um thick, extended solid solution of NiAl3. The as-
deposited microstructure in this case is a metastable configuration, and the reaction heat
accompanying its transformation to the stable, equilibrium e NiAl3 phase is measured
directly in the calorimeter. The mean change in enthalpy, AH, for a series of such
measurements, is - 4.157 kcal/mole.

A second approach involves annealing the as-deposited film to form the € phase, then
irradiating the as-annealed film, using 1.5 MeV Nit++* ions, to doses of 2 5x1013 ions/cm?.
to form an amorphous structure. The enthalpy associated with the transformation of this
structure to the equilibrium ¢ is then measured in the DSC. The mean AH found for this
reaction is - 5.023 kcal/mole. The measured values in both cases compare favorably with

recent calculations performed using the embedded atom computer simulation program.
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1. INTRODUCTION

1.1 Motivation for Study

Metastable materials are of vast importance in modern engineering applications.
Progress in the development of high technology materials is generally incidental to the
development and study of metastable phases, and in fact, few commercially important
materials exist in a state of true stable equilibrium. Common examples include martensite,
a metastable byproduct of diffusionless transformations observed in a variety of metallic
compounds, and utilized extensively for hardening in ferrous alloys; artificially doped
semiconductors; certain high T superconductors; and amorphous metallic compounds,
which have been widely exploited for their superior magnetic and physical properties.

A host of novel metastable materials have been produced using ion irradiation. Many
of these materials exhibit highly desirable properties for commercial application, while
others are valuable as scientific curiosities. Due to the fact that ion beam modification is a
near-surface treatment, sample thicknesses in most cases are limited to several thousand
angstrom units, with 2-3 microns representing the practical limit. On this scale,
characterization of mechanical and chemical properties is difficult, but techniques have been
developed, and continue to evolve, which allow virtually all of the standard material
properties of interest (i.e., hardness, tensile strength, fracture toughness, elastic modulus,
residual stress, etc.), to be determined quite accurately. On the other hand, measurement of
thermodynamic quantities associated with metastable-->stable reactions in ion beam
processed materials has not been extensively pursued, due to the low heat evolution or
absorption characteristics of these types of reactions, and the limit of usable sensitivity
available in the majority of thermal analysis devices. Without knowledge of these

thermodynamic properties, it becomes very difficult to predict the conditions necessary for




such materials to remain in a state of metastable equilibrium, and it is thus very difficult to

determine their usefulness in different engineering applications.

1.2 Objective

The purpose of this project was to experimentally determine the enthalpies of two well-
documented metastable-->stable phase transitions observed in ion-irradiated NiAl3: the
amorphous-->ordered orthorhombic (€), and the f.c.c. solid solution-->€ transformation.
Although this particular compound has little technological importance, it is easily
amorphized using ion beam irradiation, and has been extensively studied by many
researchers. Addiiionally, it is one of the few compounds for which atomistic simulation
data is available for the reactions of interest, thereby allowing for direct comparison of
experimentally measured quantities with those predicted based on theory. It thus
represented a highly desirable system with which to develop and refine the experimental
technique necessary to accomplish thermal analysis of thin films, a process hereafter

referred to as "thin film calorimetry” (TFC).

2. BACKGROUND

2.1 Metastable Equilibrium

The classical laws of thermodynamics state that for any material of a given chemical

composition, at a specified temperature and pressure, the atomic configuration with the

lowest Gibbs free energy, G, will exist in a state of stable equilibrium. The Gibbs free

energy of a system is characterized by the equation

G=H-TS, 1.1




where H is the enthalpy, T the absolute temperature, and S the entropy of the system.

Enthalpy is the measure of the heat contained within the system, and is a function of its

energy, E, pressure, P, and volume, V. It can be represented by the following equation:

H=E + PV. 1.2

For condensed phases (i.e.: solids and liquids), the second term, PV, is usually quite small
relative to the first, and the enthalpy may be approximated by the internal energy of the

system:

The internal energy consists of two components, the potential and kinetic energies. In
solids, kinetic energy is associated with atomic vibrations, and potential energy is a
function of the atomic bonding within the system. Heat which is absorbed or evolved
during a reaction will be dependent upon the associated change in internal energy.

In accordance with equation 1.1, a system will obtain its most stable state when the free

energy 1s at a minimum, a condition which can be described as:

dG = 0. 1.4

However, for any given system, it may be possible to satisfy the above condition for
stability without having truly reached the absolute minimum in free energy possible for that
system. This is illustrated schematically in figure 1. For this hypothetical system, two
different atomic configurations are presented as a function of their respective free energies.
Although the configuration with the lowest free energy, A, represents the stable state for

the system, there also exists another configuration, B, whose local mimimum on the free
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FIGURE 1
Gibbs free energy as a function of atomic configuration.

Configuration B, while occupying a local minimum on the free energy
curve, is at a higher free energy than configuration A, and is thus
metastable with respect to the stable equilibrium state, A. From [1].




energy curve satisfies equation 1.4 as well. Configuration B is therefore described as a
metastable state of this system [1]. A perfect example of this phenomenon is seen in the
case of elemental carbon. At atmospheric pressure and temperature, the configuration for
which the Gibbs free energy is lowest is the hexagonal, A9 crystal structure, commonly
known as graphite. However, it also can exist under the same conditions in the cubic,

A4 configuration, diam~nd, the allotropic form at high temperature and pressure.

2.2 Metastable Phase Formation

Metastable phases may be formed by a variety of techniques. In the work presented
herein, vapor codeposition and ion beam irradiation were the methods utilized to produce
the structures investigated. A discussion of the mechanisms involved in these processes,
as well as the application of molecular dynamics simulations and thermal analysis to this

area of materials research, follows.

2.2.1 Vapor Deposition

Film growth via vapor phase deposition is a commonly used technique [2]. Chemical
vapor deposition (CVD), electron gun evaporation, and r.f. sputtering are popular
examples. Using these inethods, films consisting of a wide variety of atomic species may
be deposited with a high level of consistency to various thicknesses on heated or cooled
substrates. The use of high vacuums and rapid deposition rates minimize the probability of
sample contamination by foreign elements.

The crystallography and structural ordering of the deposited film will depend to a large
exient on the mobility of the atoms being deposited. Hence, substrate temperature can play
an important role in the morphology of the resulting film. Low substrate temperature may

limit atomic mobility to the extent that an atom comes to rest at or near its point of




impingement, resulting in many cases in the formation of non-equilibrium configurations,
including amorphous, supersaturated solid soiution, and disordered phases [3]. Similarly,
high substrate temperatures may favor the formation of equilibrium structures.

Atomic species which are normally immiscible under equilibrium conditions have been
formed as intimate mixtures using vapor deposition [4]. Similarly, alloys known to have
limited solid solubility can be produced with solute concentrations far in excess of the
equilibrium solubility limit. For instance, the equilibrium solubility of Al in Ni is = 10
at.% at temperatures below 620°C. However, Al/Ni films which were electron gun
codeposited onto substrates held at 90°C retained the f.c.c. Ni lattice structure at
compositions in excess of 30 at.% Al, a solute composition which would normally be
characterized by the presence of both the y' (ordered f.c.c.), and B ' (ordered b.c.c.),
phases [5]. Other studies of the same system, using filims sputter deposited on LNy cooled
substrates, have shown that at this low temperature, formation of all of the equilibrium
intermetallic compounds ( y', B ' & and €), is supressed, with only the disordered f.c.c.
and b.c.c. structures observed [6]. In a similar vein, the equilibrium solubility of Ni in Al
at temperatures below 620°C is limited to 0.02 at.%. Studies involving techniques identical
to those listed above have shown retention of the f.c.c. Al lattice at Ni concentrations
ranging from O to 40 at.% [7]. Thus, for many alloy systems, quenching from the vapor
state allows for solubility limits well extended over those observed for liquid quenching,

and greatly extended beyond those documented for equilibrium conditions.

2.2.2 Ion Beam Irradiation

In comparison to all other techniques of metastable phase production, ion irradiation
offers the unique capability of introducing virtually any atomic specie into any host lattice,
under athermal conditions. Indeed, many new, previously inaccessible alloys, both

equilibrium and non-equilibrium, have been prepared and studied using this method [8,9].




Two dominant mechanisms govern the nature and extent of ion-induced changes
observed in irradiated materials: physical microstructural alteration, and chemical
compositional alteration. Since the scope of this research relies primarily on the former
process, this discussion will be limited 1o the nature of the physical ion/solid interactions.

Ion species accelerated in the keV energy range impinge on the target substrate with
energies generally approaching four to five orders of magnitude greater than the binding
energy of the host atoms. As the ion traverses the substrate, this energy is dissipated
through ballistic interactions with the lattice atoms, resulting in a localized "collision
cascade"[10]. The collision events which occur during this process result in the
introduction of point defects, such as vacancies and self-interstitials, and the penetrating ion
is completely thermalized within 10-11 to 10-13 seconds [11,12]. If the substrate
temperature is sufficient to activate defect recombination processes, the affected region will
move toward a state of thermodynamic equilibrium. In situations where there is
insufficient activation energy for defect annihilation, the radiation damage is in effect
"frozen in" to the host material. It follows that, with sufficient accumulation of such
defects, the free energy of the system may be elevated to levels where, consistent with
figure 1, it becomes energetically favorable for the host atoms to rearrange into alternate
configurations, thus entering states of metastable equilibrium. The formation of
polymorphic, quasi-crystalline, disordered, and amorphous phases resulting from this
process is typically observed.

Ion-induced transformation of intermetallic compounds has attracted the attention of
many researchers [13,14,15]. Several binary metallic systems, in which a number of
intermetallic equilibrium phases may be observed, have been investigated. Certain
intermetallics have been demonstrated to completely amorphize under proper irradiation
conditions, while others simply transform into alternate crystal structures, irregardless of
dose, temperature, or irradiating specie or energy. Knowledge of the parameters governing

the amorphization process has been aggressively pursued, with the result being the




establishment of a set of empirical rules, contributed to by several different individuals,
which, although not entirely accurate in their predictive quality, offer a basis by which such
compounds may be evaluated with respect to their ease of amorphization via ion irradiation
[16,17,18]. A complete review of these rules would be impossible in the context of this
work; one may be found in the article by D.M. Follstaedt [19]. However, two of the
criteria for ion beam induced amorphization have been more widely verified, and are thus
of interest here. The first states that easily amorphized compounds exist over a chemical
composition range of less than a few atomic percent [20]. This makes intuitive sense from
a thermodynamic perspective, since, when atomic disorder is introduced in such a
compound (for instance, a line compound), local perturbations in solute concentration will
arise, significantly increasing the free energy of the system. The second suggests that
compounds with complex equilibrium crystal structures will be more readily transformed
[21]. The rationale in this case is that additional time is required for the more complex
crystalline structures to nucleate subsequent to a disordering event. During the extremely
rapid quench of the affected zone following the collision cascade, if atomic mobility is
insufficient to achieve the equilibrium configuration, formation of the crystalline phase will
be inhibited.

The underlying concept which governs the susceptibility of a particular system to
achieve metastability under ion bombardment is the rise in system free energy
corresponding to the increase in defect density introduced during irradiation. It follows that
any such change in atomic configuration can be correlated to a specific change in free
energy of the system. Since, for transformations in the crystalline state, the change in
configurational entropy, S, is relatively small, the dominant component of equation 1.1 is
H, the enthalpy of the system [22]. Thus, AG will be directly proportional to AH, which,
as mentioned previously, depends primarily upon the atomic bonding energies of the stable
and metastable phases [23]. The effective "stability" of the metastable phase, in turn, will

be dictated by the amount of energy necessary to transform it back to the equilibrium form,




a quantity which will be exactly equivalent to and opposite that necessary for its initial

formation from the same starting structure.

2.2.3 Thermodynamic Modeling

Information regarding formation heats of a wide variety of compounds is available in
standard thermochemical reference texts {24,25]. However, only limited information exists
concerning metastable phase materials, and virtually none can be found with respect to the
several newly discovered phases exclusive to ion beam processing. This general lack of
such thermodynamic information has led to the development of computer models, by which
detailed calculations involving interatomic potentials may be performed, resulting in
prediction of the desired thermodynamic information [26,27,28). The usefulness of the
computed values from these simulations depends to a large extent on the validity of the
interatomic potentials utilized. Great advances have been made in the last decade in
improving the accuracy of the derived values for these potentials in metallic systems, and
very sophisticated programs have evolved concomitant to the increase in computing speed
available in modern computers [29]. Traditional methods, involving the use of pair
potentials to simulate interatomic forces in metals, have been proven deficient in many
aspects. A more recently developed approach relies on the use of pairwise potentials plus
an additional term, which provides for consideration of the local electron density sensed by
each lattice atom, or the "embedding energy”. This model has been named the "Embedded
Atom" (EA), model [30].

The EA model treats each atom in the crystal as an 'impurity’, whose energy is

described by the following equation:

Etot = 2Fi (Pi) + 1/2Xgij (1ij) 2.2.3.1




where: Fj = energy of 'impurity' atom i as a function of electron density at site 1,
otherwise referred to as the 'embedding energy’,
pj = host lattice electron density at site i,
gij = repulsive potential between atoms i and j,

rjj = distance between atoms i and j.

The first term in the equation considers the electronic interaction of the 'impurity' atom
with the surrounding lattice, or 'host' atoms, and as such is generally negative. The
second term deals with the core-core electrostatic interaction (repulsion) between the atoms.
Based on this relationship, the total energy of any crystal of a given composition and
structure may be computed. Therefore, energies of both stable and metastable
configurations of the same atomic composition may be determined, their difference being
equal to the enthalpy of transformation.

Using the EA model, simulations of the formation energies of the intermetallic
compounds found in the Ni-Al system have been performed [31,32]. Also, it has been
applied by at least one group to the calculation of formation enthalpies for the ion beam-
induced metastable phases currently known to exist in this system [33]. These latter
computed values are used herein for comparison to the experimental data obtained for

NiAls.

2.2.4 Thermal Analysis of Metastable Phase Materials.

Differential Scanning Calorimetry (DSC), is a widely used technique for obtaining
quantitative thermodynamic data for various reactions in many different material systems.
Due to its high sensitivity, accuracy, and precision, compared to other calorimetric
measurement devices, the DSC is the instrument of choice for materials research where

constraints are imposed due to small sample masses or reaction heats. Since both

10




constraints are typically encountered for materials prepared using rapid solidification
processes (RSP), the technique has been widely applied in this area.

Metastable materials prepared by rapid quenching, melt spinning, r.f. sputtering, triode
sputtering, solid state reaction, and mechanical alloying have been characterized using DSC
[34-38]. Sample masses typically examined in these cases were 210mg, although in the
case of the solid state reaction studies, masses of 20.2mg were successfully utilized. In
general application, masses of 10-1000+mg are the norm.

Limited work using DSC has been performed on elemental Si samples which were
amorphized using ion beam irradiation [39,40]. Here, sample masses of = 0.5mg were
studied, and the enthalpy of transformation from the amorphous to crystalline state was
measured. Similar work involving ion beam modified materials is rare, due to the difficulty
involved in gathering sufficient sample masses to allow reasonably reliable measurements
to be performed. The above referenced work involving studies on amorphous Si (a-Si), is
somewhat anomalous in this context, due to the fact that the amorphous samples studied
were prepared by directly bombarding the surface of relatively thick Si discs, using Sit
ions. This processing scheme alleviates the problem of having to separate the processed
film layer from the processing substrate, one of the major obstacles encountered in
previous attempts at preparing DSC samples of ion beam processed materials [41,42].
However, it also introduces an additional heat transfer barrier to be overcome prior to
registration of the heat signal by the calorimeter. Additionally, amorphization of a pure
element via ion irradiation is an extremely rare phenomenon, observed to date only in the

elements Si and Ge.

3 EXPERIMENTAL

3.1 Design of Experiment

11




A great deal of work has been performed to document the experimental conditions
necessary for metastable phase formation in the Ni-Al system, using ion beam irradiation
[43,44]. However, literature regarding calorimetry of binary metallic, ion beam modified
thin films is non-existent. As such, few precedents were available with which to guide
development of a workable experimental technique. Additionally, there was concern that
the presence of a substrate, as in the previous a-Si studies, might result in an unacceptable
contribution to the background noise level, and should therefore be avoided. The
requirements which served as initial guidelines for the experimental design were thus as
follows: 1) To generate sample masses of 21mg, in order to obtain a useful instrumental
sensitivity for the reactions of interest; 2) To examine transformations whose predicted
enthalpies were relatively large, to further enhance usable instrument sensitivity; 3) To
generate self supporting (i.e., "free standing"), sample films, to avoid substrate noise
contributions to the DSC signal; and 4) To regulate irradiation conditions such that the
irradiating ions would completely traverse the target film, in an effort to prevent any
alteration of sample stoichiometry.

NiAl3 was selected for this study, due to the fact that it is the most easily amorphized

intermetallic in the Ni-Al system, and has no intermediate transformation products. To
satisfy condition #1, calculations based on the density of NiAl3 and film thickness
limitations to allow for complete through-penetration of the irradiating ion, resulted in
required sample dimensions of 1 cm? area by 1um thickness. In order to satisfy condition
#3, it was necessary to select a substrate for vapor deposition from which the deposited
film could be easily removed, subsequent to processing. Consequently, single crystal
NaCl was selected as a substrate material, due to its common availability in 1 cm3 size, and
ease of aqueous dissolution. Ni** was chosen as the irradiating ion, since it could be
easily accelerated to energies necessary to satisfy condition #4, based on the available
energy capabilities of the General Ionex 1.7 MeV Tandetron accelerator used in this work.

An added advantage of using this ion was its chemicai: compatibility with the film species.
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Using this approach, sample films of the desired composition were prepared by .
coevaporation onto cleaved 1-2mm thick NaCl substrates, to thicknesses of = ijum. The
films were then irradiated using 5SMeV Nit+ jons, to doses ranging from 0.001 to 5x1017
ions/cmZ2, to form the desired amorphous phase. Attempts to retrieve the sample film,
intact, both before and after after this step, via dissolution of the NaCl substrate in water,
proved impossible. In every case, as the film began to separate from the dissolving
substrate, it immediately dispersed into a myriad number of very fine granules, which
proved impossible to collect from the surface of the solvent media. This effect is due to the
retention of a high degree of residual stress within the sample films, a well-documented
artifact of the vapor deposition process [45,46]. Even when collection of a small number
of granules, through extremely tedious straining methods, was possible, the further
requirement of subjecting the collected granules to a number of rinsing cycles
(decontamination), sufficient to remove the remaining brine residue, effectively prevented
any further pursuit of this technique. It was then determined that deposition of the sample
films directly onto the DSC sample pan surface would provide a means by which .he above
problems could be avoided, and also obtain the most desirable sample film/pan heat transfer

interface for thermal analysis.

3.2 Sample Preparation

3.2.1 Coevaporation

Sample films of nominal atomic composition 23Ni-77Al were deposited using a
multiple hearth, dual electron gun source, in a cryo-pumped chamber holding a base
vacuum of 0.5 - 5x10-7 Torr. The presence of a small amount of residual Al (2-3 atomic
% for all samples produced), was desirable, as previous studies [47,48) have demonstrated

that, under conditions where insufficient Al was available for complete reaction with Ni to
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form NiAl3, intermediate phases, such as Ni2Al3 were also formed. The presence of
such intermediates, which have been found to undergo ion-induced transformations of their
own [29], is much less desirable than the small Al residue, which does not polymorphically
transform under these conditions. Both species were simultaneously deposited
(coevaporated), at independently controlled evaporation rates of 1.0 A/sec (Ni), and 4.3
A/sec (Al), to thickness equivalents of =~ 1.6 and 6.9 kA, respectively, resulting in total
film thicknesses of = 0.80-0.90 um. Monitoring of the individual evaporation rates and
corresponding thicknesses was accomplished using water-cooled, quartz crystal thickness
monitors, which were isolated by means of a simple shield arrangement, to "see” only the
evaporation source of interest. This arrangement is schematically represented in figure 2.
Evaporation rate control was achieved via a feedback loop which varied e-gun power input,
based on the independently monitored evaporation rate of the respective elements. Using
this method, the Ni evaporation rate was observed to vary * 10% of the programmed
va'ue, with the Al rate being considerably more erratic, commonly + 20-25% of the desired
value. Variation in electron gun evaporation rates of this order is not uncommon for
materials like Al, which have low densities and high thermal conductivities. Bulk film
composition was, however, not significantly affected by this seemingly high rate of
fluctuation, as the individually programmed thickness limits were obtained in all cases, and
are more precise indicators of overall film composition. Deposition substrates consisted of
as-manufactured, pure Al, Perkin-Elmer DSC sample pans and lids. No attempt was made

to control substrate temperature during the deposition process.

3.2.2 Thermal Processing

Subsequent to film deposition, samples intended for use in the investigation of the

amorphous-->ordered (€) transformation were annealed at 500°C for two hours. This
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treatment was sufficient to form the stable intermetallic compound, NiAl3. Annealing was
performed in a Ti-gettered, high purity Ar flow tube furnace, to minimize the possibility of
contamination. In order to avoid unecessary thermal shock, the samples were introduced
into the furnace at room temperature, and slowly ramped to the anneal temperature. At the
completion of the heat treatment, the samples were allowed to furnace cool. The slow
heating and cooling cycles were performed as a precautionary measure, to avoid possible

delamination of the sample films due to thermal mismatch with the substrate.

3.2.3 Ion Irradiation

Sample films were irradiated with Ni** ions under two different sets of irradiation
conditions: 1) 5 MeV accelerating energy; 1.0-1.4 pA current on target; 0.1, 0.5, 1, 5, 10,
50, and 100x1015 ions/cmz; 2) 1.5 MeV energy; 200-400 nA current on target; 5, 6, 8,
10, and 20x1013 ions/cm2. For the first set of conditions, simulations performed using
TRIM (The Stopping and Range of Ions in Matter) software [55], showed complete film
penetration by the irradiating ions. Mean ion range was computed to be 2.15 um, placing
the concentration profile well into the substrate material. Ion-induced damage at the film
surface was found to be = 0.2 target diplacements/ion/A, and increased fairly uniformly to
a value of = 0.4 at the maximum deposited film depth. Preliminary investigations using
1000A thick films deposited on Cu grids, and irradiated under duplicate conditions,
showed complete amorphization of the target film, as verified with electron diffraction
information. It was therefore assumed that the entire film thickness, in the case of the 8-
9kA samples, would amorphize under similar conditions, as even the depths with the
lowest ion-induced damage values (i.e., the surface), had been observed to transform in the
preliminary work.

Simulations performed for the second set of conditions showed an ion concentration

peak at = 7400A in the film. Ion-induced damage, as measured in total target
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displacements/ion/A, was computed to be = 0.6 at both the film surface (depth = 0A), and
the film/substrate interface (depth=7800-9000A), with a peak value of >1.0 found at a
depth of =~ 6000A. These data for both sets of conditions are graphically represented in
figures 3 and 4. The reason for the variation in irradiating conditions will be addressed in
the results and discussion section.

Target chamber pressure in all cases was between 1-5x10-8 Torr, and all irradiations
were performed at room temperature (= 300K). The DSC pans which comprised the
sample film substrates were retained in individual recesses in a solid Al holder which was
used for both the vapor deposition process and the irradiations. The holder used for the
irradiation studies was configured so as to prevent the deposition of material, due to
shadowing of the evaporation source by the sample retaining plate, on the sides of the
sample pan, which would then lie unexposed to the irradiating beam, and prevent complete
amorphization of the deposited film. This modification was not necessary for the case of

the samples prepared for as-evaporated transformation studies.

3.3 Sample Analysis

3.3.1 Chemical Analysis

Rutherford Backscattering Spectroscopy (RBS) was utilized to verify chemical
composition of the sample films. Spectra were obtained using 2 MeV He* ions, beam
direction normal to the sample surface, with a detector-to-beam angle of 25°. Multi-
Channel Analyzer (MCA) calibration was performed prior to each analysis, using
backscattered energies from pure Au, Ni, and Al target foils. A representative RBS
spectrum is shown in figure 5a. Spectrum-fitting simulation performed using RUMP
simulation software [56], allowed positive composition determination to an accuracy of

within * 1%, and is seen in the figure as the dashed line. The sample composition profile
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on which the simulation is based is shown in figure 5b. No Al enrichment was observed in
post-anneal spectra for any of the sample groups. This was of concern, since the anneal
temperatures are very significant relative to Ty(Al). However, as documented by previous
research, the native oxide layer present on the surface of pure Al (= 30-40A), is an

extremely effective barrier to diffusion, even at these elevated temperatures [49].

3.3.2 Microstructural Analysis

Transmission Electron Microscopy (TEM), was relied upon for phase verification after
each step of the processing sequence. A JEOL 2000FX analytical electron microscope,
operating at 200 kV, was utilized, both in bright field imaging mode, for determination of
grain size and morphology, and electron diffraction mode, for determination of

crystallographic structure. Samples for TEM analysis were prepared as follows:

1) 3 mm diameter discs were core drilled from the as-deposited, as-annealed, as-
irradiated, and as-transformed films on the DSC pans.

2) Stop-off lacquer was applied to the film surfaces, and the discs were
electrochemically jet-thinned from the substrate side, using a solution consisting of 6%
HClOy4, 35% butyl cellosolve, and 59% methanol, by volume. Solution temperature
was held between 0 and 9°C.

3) After perforation, the stop-off lacquer was removed from the film surface by

dissolution in acetone. Samples were then rinsed in methanol and allowed to air dry.

Samples thus prepared were then examined as described above, in order to provide an
exact correlation between processing history and microstructural evolution. The rationale
for reliance upon the electron diffraction intormation gathered froin the nearest-surface

regions of the film (the regions made electron transparent through the back-thinning
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process), as characteristic of the microstructure of the entire film thickness, has been

discussed in the previous section.

3.3.3 Thermal Analysis

Enthalpies associated with the metastable-->stable transformations of interest were
measured using a Perkin-Elmer DSC-7 Differential Scanning Calorimeter, with quantitative
analysis provided by TASC-7 software. Sample cells were flushed at all times with dry
nitrogen. Sample pans were “veighed before and after film deposition, to obtain net sample
weight, using a Peskin-Elmer AD- 4 Microbalance. After limited experimentation with
different heating rates of 5, 10, 15, and 20°C/min, a rate of 10°C/min was chosen for the
bulk of the DSC work. Similarly, after verification of the approximate transition
temperatures for the reactions of interest, a temperature scanning range of 50-275°C was
selected.

The DSC output represents the net energy (heat), released as a result of the phase
transformation which occurs in the sample holder. The temperature of both the sample and
an inert reference material is increased, using independently controlled heating units, at a
constant rate, dT/dt, programmed by the operator. Temperatures of both cells are
monitored independently, and power input to the cells is constantly varied to maintain a
zero temperature differential. When a temperature difference arises between the sample and
reference, due to an exo- or endothermic reaction in the sample, the power is adjusted to
instantaneously compensate for this difference. A signal proportional to the heat input
difference, dH/dt, between the sample and reference, is recorded. Thus, the DSC output
consists of this signal, dH/dt, represented as heat flow, versus temperature (or time). The
area of any peak which results from a reaction in the sample cell may be integrated, the
resulting value representing the change in enthalpy, AH, of the corresponding

transformation.
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In order to exactly duplicate all conditions between the reference and sample cells,
except for the metastability of the sample itself, the reference cell was loaded with samples
of thermally equilibrated NiAl3 (€), in masses equivalent to those used in the sample cell.
Generation of a baseline curve, a common method employed in DSC work with reversible
transformations, was not necessary in this case. Due to the irreversibility of the
amorphous-->ordered and disordered-->ordered transformations in the samples of interest,
a second scan (post-transformation), was run on every sample, then subtracted from the

first scan, to give the net heat release measured during the reaction.
4 RESULTS AND DISCUSSION
4.1 Amorphous-->ordered-orthorhombic transformation enthalpy measurements.

As described in section 3.2.3, two sets of irradiation conditions were employed for
preparation of the amorphous films. The first set of conditions (5§ MeV, 1-1.4 pA on
target), failed to amorphize the DSC samples, in contradiction to the findings of preliminary
experiments (section 2.2), performed for the purpose of verifying the appropriateness of
these processing parameters.

The preliminary studies were performed using a processing scheme developed in order
to satisfy the initial guidelines for this research, outlined in section 3.1. Hence, 5 MeV
ions were required to insure complete translation of the film thickness, = 1 uM, and a target
current of 2 1uA was necessary to complete the irradiations in a reasonable time frame.
These studies were performed using 1000A thick films, deposited on Cu TEM grids, to
allow for straightforward TEM examination subsequent to irradiation. This served the
purpose of allowing direct examination of the sample region exposed to the least amount of

radiation damage, as determined using TRIM simulations, Figure 6, by ions of this energy.
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Hence, amorphization of this thickness would correspond to amorphization of the entire
thickness for the 1 pm samples.

The TEM grid holder used for these initial studies is shown in figure 7. In this
configuration, the ions completely traversed the sample film, terminating in the Cu backing
disc. The Cu 1TEM support grid was in loose contact with, and the sample film was
located (in relative terms), quite far from, the backing disc. Thus, heat buildup within the
sample film was minimal, and the amorphous configuration was easily formed. However,
in the case of the = 1um thick films, direct-deposited onto the DSC pan surface, heat
transfer between the pan and film was optimal, and thus the films were self-annealed
during the course of the irradiation, preventing the formation of the amorphous structure.
The selected area diffraction pattern (SADP) for this self-annealed, equilibrium
orthorhombic structure is shown in figure 8, along with the corresponding TEM
micrograph, indicating average post-anneal grain sizes of 500-800nm. Hence, regardless
of ion dose, no change in the as-annealed film structure was observed for these samples.

As a result, the decision was made to change the requirement for complete ion
penetration of the sample film, as the actual compositional variation which would result
from the incorporation of Ni at the targeted doses amounts to < 1 at.%, well within the
limits of accomodation based on the amount of residual Al available in the sample films.
By allowing for Ni termination within the thickness limits of the sample film itself, a
substantial reduction in beam energy, along with a significant increase in ion-induced
damage (refer figure 5), would be achieved.

Through use of TRIM simulations and actual experimentation, optimal processing
conditions, corresponding to those outlined in the second set of irradiation conditions in
section 3.1.3, were established. As such, maximum power input to the target samples
was held in most irradiations to < 0.3 W (200 nA on-target). TEM examination of samples
processed under these conditions indicated the presence of the desired amorphous phase in

all films irradiated to a dose of = 5x1015 jon/cm2. Selected area diffraction patterns
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(SADP's), and surface micrographs for these samples are presented in figure 9. Sample
amorphicity is confirmed by the presence of broad, diffuse halos in the SADP, and the
complete lack of contrast in the surface micrograph is typical of such a structure.

Enthalpies for the a-->€ transformation, as a function of ion dose, are presented in
Table L. Group designations (A1, A2, etc.), in column 1 of the table correspond to sample
batches processed to a given ion dose, shown in column 2. The number of measurements
recorded per group, represented as X, are given in column 3, with the average sample mass
of each group following in column 4. Column 5 gives the temperature associated with the
transformation exotherm peak, an example of which can be found in figure 10. The AH
value given in column 6 of the table represents the arithmetic mean of the measurements
within each corresponding sample group. Errors associated with the measurements, for
uncertainties in mass and chemical compositon, are presented in columns 7 and 8, and their
combined contribution to predicted measurement error is given in column 9. These error
confributions will be discussed more thoroughly in the following section.

Figure 10 represents a DSC trace typical for the studied r=actions, and a complete
compilation of the DSC data obtained in the course of this work can be found in Appendix
A. TEM verification of the as-transformed (a-->€) phase is presented in figure 11, in
which both SADP's and micrographs are utilized to verify the transition of the amorphous
structure back to the equilibrium crystalline form. The arithmetic mean of the eleven
measurements made for sample groups A2-A6 is -5.023 kcal/mole. Group Al
measurements were not included in calculation of this value, for reasons addressed in

section 4.1.2.
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4.1.1 Potentia! Sources of Measurement Error.

Several sources of potential error exist in enthalpy measurements performed under
these experimental conditions. Those to which approximate values may be assigned have
been included in table I, and consist of: 1) Error associated with incomplete transformation
of the entire sample mass, due to sample-nonstoichiometry (i.e., residual Al), and 2) Error
associated with sensitivity limitations of the microbalance used to obtain net sample mass.
Because the majority of samples prepared contained a fairly consistent amount of residual
Al, as evidenced by the RBS analysis data, the contribution from this error source was
calculated based on the presence of 2 at.% residual Al, or an average sample stoichiometry
of 77A1-23Ni. The error contribution in this case amounts to = 3% (negative), of the
projected enthalpy for a perfectly stoichiometric sample. For the second case, microbalance
sensitivity is specified by the manufacturer as + 5 pg (.005 mg). The error associated with
this source, as presented in table I, was calculated based on an average sample mass
measurement of .070 mg, and, has a maximum value of + 7 % of the mean enthalpy
measured.

Other sources of error, much more difficult to quantify, also have an effect on the
measured enthalpy values. These include distortion of the sample pan/sample cell contact
surface, which introduces a heat transfer problem which will be addressed in detail in the
following section; inexact duplication of sample pan position within the measurement cell
between sample runs, along with inexact duplication of cell cover position, both of which
affect temperature sensing in the DSC control loop; and error associated with exact
definition of the onset and termination of the exothermic peak, via cursor positioning (refer
figure 10), as input parameters for which peak area computations (reaction enthalpies) are

performed with the thermal analysis software.
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FIGURE 12
Sample holders for DSC pan processing. Holder #1 proved unsuitable
for irradiation processing, as evaporant was allowed to collect on
inner walls of sample pan, out of the ion beam line-of-sight. Holder

#2 shields pan sides from evaporant.

34




4.1.2 Effect of Sample Holder Geometry on Sample Group Al.

At first glance, the data in table I seem to indicate an increase in transformation enthalpy
for the a-->€ reaction corresponding to the increase in dose between 5 and 6x1015
ions/cm2. This increase, however, is attributed to a change in the sample retention
methods utilized during processing of the first successfully analyzed batch of samples
(group Al), and all the sample groups processed subsequent to this (A2-A6). A brief
discussion of this observed variation is warranted.

Reference to table I shows average sample masses for the Al group = 30% greater than
those for the remaining groups. Since total film thickness variations between the groups
were minor (SSOOA), it remains that the only other factor which would contribute to such a
substantial increase in sample mass for this first group would be the square area covered on
the sample pan during the coevaporation process. This was in fact the case, and is
attributable to the difference in sample holder geometry, specifically, pan retention
methods, used in processing this sample group. The respective sample holder
configurations are illustrated in figure 12. During the vapor deposition sequence, the
sample retainer for group Al allowed for a substantial amount of film to be deposited on
the inner walls of the sample pans, since they are in the line-of-deposition sight of the
hearths, as the sample holder itself is offset from the position of the hearths. During
subsequent irradiation, this area of film was "shadowed" from the ion beam because the
retainer plate opening was, by necessity, a slightly smaller diameter than that of the sample
pan. Thus, only the portion of film directly exposed to the ion beam was transformed to
the amorphous phase, while the shadowed portion remained in the as-annealed (€) state.
The calculated values for the DSC recorded a-->€ transformation enthalpies, being a
function of sample mass, were consequently in error by as much as 20%, depending on
pan position in the holder, and consequent extent of beam shadowing. Another sample

holder, for use in irradiation processing, was then designed, shown in figure 12 as holder
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#2, to avoid any film deposition on non-line-of-beam-sight areas. The enthalpy data from
group Al were tabulated and included in this report for illustrative purposes, but, as
mentioned previously, were not included in determination of the mean transformation

enthalpy value for this reaction, -5.023 kcal/mole.

4.1.3 Effect of Sample Pan Distortion on Thermal Analysis.

Appendix A contains all 25 separate DSC analyses of ion-irradiated thin films. Of
these, only 14 provided suitably distinct exothermic traces to be objectively analyzed, and,
for reasons just mentioned, only 11 of the 14 comprised the statistically analyzed group.
The original group consisted of 32 irradiated samples, but for various reasons, 7 of the 32
proved unacceptable for inclusion in the calorimetry work. Heat transfer problems, arising
from the handling methods used to process this group of samples, which tended to distort
the sample pan/sample cell contact surface,were found to be the reason for this low
(=45%), measurement success rate.

Figure 13 is a schematic illustrating the arrangement of the DSC sample and reference
cells and pans, and indicating the important heat transfer variables to be considered. The
case of a thin film in intimate contact with the sample pan (i.e., vapor deposited),
represents what is perhaps the best heat transfer interface attainable in the standard
sample/pan configuration, thus minimizing Rg (thermal resistance between sample and
pan), with respect to Ro (thermal resistance between pan and holder). Additionally, it has
been proven that the slope of the leading edge of a melting endotherm will be given by
(1/Rp)(dH/dt), where dH/dt is the programmed scanning rate. With scanning rate held
constant then, variation in the value of R will directly affect the shape of the endo- or
exothermic peak [51]. This change in peak shape as a function of R, is readily apparent in
the DSC curves compared in figure 14. Even though the peak area in principle remains

unchanged, in this sensitivity regime it becomes impossible to determine the exact onset
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FIGURE 13

Schematic of DSC sample and reference cell arrangement. The
sample pan rests within the Pt cell, its thermal resistance in contact
with the cell being Ro,. The sample's temperature and thermal
resistance with the sample pan is represented by Ts and Rg,
respectively. The cell temperature is given as Tp. Distortion of the
sample pan/sample cell contact surface results in substantially
increased Rg.
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and termination of the recorded exotherm for samples where Rg was relatively large, and
the peak shape was consequently distorted beyond sensible interpretation. In the cases
where peak shape prevented accurate interpretation, the measurement was omitted from the
group of analyzed data. The reasons for this apparently large degree of variation in Rg will
now be addressed.

The pure Al sample pans most commonly used in DSC work are manufactured via a
simple drawing operation, to a net pan thickness of = 0.11 mm (110 pum) [52]. The pans
are not subject to heat treatment. In the as-manufactured condition, the pans exhibit a fair
degree of work hardening-enough to allow for careful handling, under normal conditions,
without substantial geometric distortion. However, as detailed in section 3.1.2, the
deposited films utilized in the amorphous phase studies require thermal annealling at >
400°C for 2 2 hrs., in order to achieve formation of the equilibrium € structure, necessary
for successful ion-induced amorphization. This is a very significant temperature and time
schedule for the pan material, well beyond even the most conservative estimates for
complete recovery from the as-manufactured state. Hence, handling of the pans
subsequent to this thermal cycling becomes a very tedious operation at best, due to their
extremely delicate (i.e., soft,thin), condition. Extensive handling is, however, necessary,
as the pans must be first removed individually from the anneal furnace ( the tube diameter
would not accomodate the entire sample holder, so the pans were annealed separately),
replaced in the sample holder, irradiated, removed again, weighed, and finally placed in
the DSC sample cell for thermal analysis. It is virtually impossible, during this handling
sequence, to avoid imparting some amount of distortion to the pan geometry, such that the
pan/sample cell contact surface (the pan bottom), does not remain fixed between samples.
Since Ry is determined by this contact surface, it is easy to deduce the source of the peak-
shape reproducibility problem. That the source of the problem is the thermal treatment of

the samples is further demonstrated by the fact that the sample group analyzed for the f.c.c-
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->€ transition , which required no heat treatment, exhibited a 100% (23/23), measurement

success rate.

4.14 Embedded Atom Simulation of Amorphous Transformation Energies.

Effective modeling of an amorphous solid, for use in molecular dynamics simulations,
is a difficult task, and has elicited much debate amongst those involved in this area. The
approach used to create the amorphous structures used by Eridon [29] in the EA
simulations performed for the metastable phase transformations of interest in this work is
described as follows: To create the amorphous structure, each atom in the host lattice was
'moved’ off its equilibrium lattice position in a random direction, by a small amount, given
asd. & was allowed to vary between zero and a maximum displacement, given as A,
described as the "amorphization parameter”. The value of A was chosen to correspond to
the half-width at half-maximum of the Gaussian radius distribution observed in the
crystalline pair distribution function peaks (PDF's) of the material, NiAls, of interest. The
effectiveness of this "computer amorphization" process was then verified by computing the
PDF resulting from a given value of A, and comparing it to the PDF for a truly amorphous
substance. The use of the PDF to characterize a liquid or an amorphous solid is well
established, and it is thus a logical approach to computer modelling of these structures.
Schematic PDF's for both crystalline and amorphous solids are shown in figure 15.

Calculations performed by Eridon using the EA model, for the amorphous-->¢
transformation, resulted in a range of enthalpy values between -1.38 and -5.83 kcal/mole.
As the amorphization parameter is increased (i.e., each lattice atom is increasingly displaced
from its equilibrium lattice position ), the value of the PDF as a function of distance
(radius), from the displaced atom converges toward unity. This is characteristic of the
change from the long range atomic order (LRO) of the crystalline solid, to the short range

order (SRO) of the amorphous material. Liquids and amorphous solids display PDF's in
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which distinguishable peaks, representative of relative atomic order, can typically be found
only for the first three radial displacements from the analyzed lattice sight. The ratios of
these radii have been fairly well defined in the respective structures: amorphous solids have
been shown to exhibit radius ratios of r2/r1 = 1.67, and r3/r; = 1.95 [53]. As the A
parameter increases, the computed PDF shows increasing convergence toward unity , with
apparent similarity to the expected radius ratios mentioned above beginning at a value of A
= 0.200. For values of A 2 0.400, the radius retios of the PDF become more characteristic
of a liquid structure, for which values of rp/r; = 1.72 and r3/r; = 2.45 [54].

The simulations referenced herein were performed using values of & =0.000, 0.200,
0.300, and 0.400, and initial structures of both ordered equilibrium € phase (DO2g lattice,
equilibrium lattice sites for Al and Ni), and disordered € (random arrangement of Al and Ni
atoms within the DOy lattice). Calculated values of AHp,.s used for comparison to
experimentally measured data in this study are those computed using A = 0 300, as this
value was found to give the most acceptable approximation to the PDF radius ratios
expected for an amorphous solid. The low (absolute) value, 1.38 kcal/mole, was
computed using the ordered DOy starting structure, while the high value, 5.83 kcal/mole,
was taken from the simulation of the disordered DOy starting lattice.

The mean measured value for the a-->€ transformation enthalpy falls only 13% short
of the predicted value for the disordered amorphous--> € reaction (5.023 vs. 5.830).
When the most well defined thermograms are referenced, the measured value corresponds
almost exactly to that predicted (5.978, 5.769, vs. 5.830). Thermal analyses performed on
samples of varying ion dose, over a dose range of 1 1/2 orders of magnitude, did not show
a discernible trend toward increasing transformation enthalpies. This last point is an
indication that, with reference to the simulation methods, the concept of the "disordered"
starting structure-the one whose subsequent amorphization results in the higher

transformation enthalpies-is useful for modelling purposes, but in reality would be an
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obvious first step in the lattice disordering sequence resulting from ion irradiation of a
sample, and would thus be quite difficult to quantify experimentally. This assertion is
supported by the lack of any definable experimental thermograms for measurements
performed on samples irradiated below the amorphization threshold of 5x1015 ions/cm2.
For instance, samples irradiated to doses of 3-4x10!5 jons/cm? showed no discernible
evidence of exothermic reaction, as indicated in figure 16.

Overall, experimental data accumulated for the a-->€ transformation conforms rather
well to the values predicted for the disordered a-->€ transformation using the embedded
atom model. This is especially gratifying in light of all the factors influencing the accuracy
of both methods, such as variations in pan contact surface, minute sample mass,
calorimeter sensitivity, microbalance sensitivity, residual Al, inexact correlation between
amorphization parameter and amorphous PDF characteristics, and, in general, all the other
considerations regarding use of pair potentials and molecular dynamics simulations in these

types of calculations.

4.2 F.C.C. Solid Solution-->Ordered Orthorhombic Transformation Enthalpy

Measurements.

Measurement of the f.c.c.-->€ transformation was, in a comparative sense, quite
straightforward. Electron diffraction patterns of the as-deposited f.c.c. structure are shown
in figure 17, with the major Al {hkl} rings indexed. A representative DSC trace is
presented in figure 18. Transformation to the equilibrium orthorhombic structure, as a
result of the thermal analysis process, is documented in figure 19. Appendix B contains a
complete compilation of the DSC analyses performed for this reaction. Of 23 samples
initially prepared, all 23 provided thermograms suitable for quantitative analysis. The mean

enthalpy value of these 23 measurements is -4.157 kcal/mole, as detailed in table II.
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included in the table are error source contributions similar to those found in the data for the
a-->€ transformation. Because the basic sample preparation methods, with respect to film
deposition and mass measurement, were the same between the two groups, the error
contribution values for these two potential sources are the same as well. The higher degree
of consistency observed in the thermograms (the higher measurement success rate), can be
attributed to much less distortion of sample pan/sample cell contact surface (pan bottom),
and thus much more consistent values of Ro. The relative absence of pan surface
distortion in this group is due to a) the limited amount of sample handling required before
thermal analysis, and, as a corollary, b) the absence of any thermal treatment cycle during
sample preparation. Although both factors contributed to the smoothness of the data, the
second is the more important, as the pans remained in a fairly "tough" (as-manufactured),
state during the limited amount of handling they received.

It is interesting to note that this latter consideration, while beneficial from the
perspective of allowing a higher degree of consistency to be maintained in the thermal
analyses, was also a potential source of extraneous noise in the actual DSC traces
recorded. The as-manufactured (cold-worked) state of the sample pans used in this portion
of the study is one of higher internal energy than that of the annealed pans discussed in the
previous section. Indeed, annealing is simply the thermally activated release of this stored
energy. As such, work hardened materials are actually in a state of thermodynamic
instability, and the exothermic release of this energy with increasing temperature may
adversely affect the thermal measurement of the reaction of interest. Therefore, it was
necessary to investigate the nature and extent of this possible error in the DSC readings, by
thermally analyzing an as-manufactured sample pan with no sample film present. This
analysis was performed using exactly the same method as for the TFC studies. The sample
pan was analyzed across a temperature range of 50-550°C, using a fully annealed sample

pan (500°C, 2 hrs.), as a reference. The resulting thermogram is shown in figure 20.
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There is no visible exothermic signal across the entire temperature range scanned, and it
was thus concluded that any release of energy stored in the sample pans, as a result of the
manufacturing process, was not of a magnitude measurable within the sensitivity limits of
the instrument.

Unfortunately, no computer-simulated data was available to compare with the
experimentally determined enthalpy value for this transformation. However, simulations
have been performed for the transformation from a disordered orthorhombic DOy lattice,
to the ordered structure, and the results are interestingly similar to the measured values for
the f.c.c.--> € transition. The computed enthalpy for the disordered-->ordered DO
reaction is -4.310 kcal/mole, as compared to the measured f.c.c.-->€ reaction enthalpy of
-4.157 kcal/mole.

Since evidence of ordering, in the form of superlattice rings, is totally absent from the
as-deposited SADP's, this structure is assumed to be disordered f.c.c. Hence, the
transformation of this structure to the orthorhombic, equilibrium ordered structure is, by
definition, a disorder-->order reaction, analagous to the disorder-->order reaction for the
DO»g structure, for which simulations have been performed. Although it is not possible,
given the lack of comparative data, - conclude that the two transformations are entirely
similar, it is interesting to note that the two starting siructures have close similarities in
terms of nearest neighbor distances, and as such could very well have similar
transformation heats.

Each atom in an f.c.c. structure has 12 nearest neighbors. All of the indexed rings in
the as-deposited diffraction pattern correspond to the major Al {hkl} planes. Since the Ni
atoms are small relative to the Al host atoms, the Al lattice constant is not measurably
altered. In the pure metal (Al, f.c.c.), the distance of closest approach is 2.86A [56]. For
the ordered orthorhombic, NiAl3 structure, each Al atom has 11 neighbors, each Ni atom
has 9. The average Al-Al distance in this structure, 2.76A, is very similar to that of the

pure metal [57]. Thus, very little difference exists between the interatomic distances for Al
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in the configurational change from the disordered f.c.c. to the ordered orthorhombic, and
those associated with the transformation from the disordered to ordered orthorhombic
structure. Due to the fact that Al and Ni have a very strong interaction in a number of
different atomic configurations, as evidenced by the relatively high melting temperatures of
their various compounds, it is perhaps legitimate to infer that the transformation enthalpies
associated with the two different disorder-->order reactions discussed here would have
very similar values. Indeed, the measured enthalpy for the f.c.c.-->€ transformation,
-4.157 kcal/mole, differs from the computed enthalpy for the disordered --> ordered €
reaction, -4.310 kcal/mole, by only 3.5%. Thus, theoretical considerations, coupled with
experimental observation, indicate that the two different reactions, from a thermodynamic
perspective, are closely associated.

A summary of measured versus calculated data for the measurements performed in this
study is presented in table III. Calculated values in column 3 of the table are those taken
from the embedded atom calculations discussed previously. Measured values, shown in
column 4, represent the arithmetic mean of all measurements made for the respective
reactions, save for the exclusion of sample group A1l data from the a-->€ reaction enthalpy
measurements. Measured values are followed in parentheses by standard deviation values
(O), determined using standard counting statistics. Column 5 shows the standard deviation

(0), as a percentage of mean measured enthalpy.
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TABLE 111
AHm.s (Measured vs. Calculated) For Metastable to Stable Phase

Transformations in NiAl3

TRANSFORMATION AH (kcallg-atom) Ox/AH
x100%

STARTING ENDING CALC. MEASURED
STRUCTURE STRUCTURE (0)

amorph. € -1.38 to -5.023 (0.489) 9.70%

-5.83
f.c.c. solid € -4.310% -4.157 (0.35) 8.40%
solution

*this value represents AH for the simulated transformation from disordered DO2g—>ordered DO»yg.

5. CONCLUSIONS

Thermal analysis measurements performed on ion irradiated, 0.78-0.90 pm amorphous
thin films of nominal composition 75A1-25Ni indicate a mean transformation enthalpy value
of -5.023 +0.489 kcal/mole, for the amorphous to ordered orthorhombic (€) phase
transition. This compares favorably with the highest (in absolute value), quantity predicted
for this reaction, using the Embedded Atom computer simulation model, -5.83 kcal/mole.
Thermal measurements performed on as-deposited, 1.0-1.2 um thin films of the same
nominal composition indicate a mean transformation enthalpy of -4.157 * 0.35 kcal/mole.
Although computer simulated values are not available for this transformation, this quantity

compares closely to the enthalpy calculated for the disordered-->ordered DOjg
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transformation, -4.310 kcal/mole. This experimental data, combined with similarities in the
atomic structures of the two metastable starting phases, is a strong indication that the

reactions are closely related thermodynamically.

6. FUTURE WORK

The studies presented in the body of this work have established thin film calorimetry as
a viable technique for thermodynamic characterization of samples which had previously
been quite difficult to thermally analyze. Having already applied the technique to one of the
intermetallics in the Ni-Al system, it would be interesting to investigate the two more
technologically important alloys in that system, NiAl and Ni3Al, with respect to the
enthalpies associated with the B-->8" and y-->Y' reactions, respectively. The increasing
utilization of both of these alloys in high temperature-high stress applications requires
intimate knowledge of the thermodynamics governing their stability.

Additionally, a host of metastable phases, exclusive to ion beam processing, can be
easily prepared and analyzed, lending valuable insight into the thermodynamics and kinetics
of these previously inaccessible alloys. The list of possible systems and compounds
requiring more distinctive thermodynamic characterization is much too lengthy to discuss
here, but it is readily apparent that TFC is a powerful tool with which to perform the

studies needed to further extend man's basic knowledge of metastable phase materials.
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